Abstract. The quantum confinement of surface-state electrons in atomic-scale nanostructures is studied by means of the Korringa-Kohn-Rostoker (KKR) Green's function method. We demonstrate that the surface-state mediated interaction between adatoms can be significantly modified by the quantum confinement of surface electrons. We show that quantum corrals and quantum mirrors constructed on metal surfaces can be used to tailor the exchange interaction between magnetic adatoms at large distances. We discuss the selforganization of adatoms on metal surfaces caused by quantum confinement.
Introduction
Surface-state electrons on the (111) surfaces of noble metals form a two-dimensional (2D) nearly free electron gas [1] . Such states are confined in a narrow layer at the surface. An electron in such a state runs along the surface, much like a 2D plane wave. The scattering of the surface electrons by adatoms leads to quantum-interference patterns in the local density of states (LDOS) and to the long-range (Friedel-type) oscillatory interaction between adsorbates [1] . The scanning tunneling microscope (STM) has enabled direct imaging in the real space of the quantum interference of surface electrons near adsorbates [2] - [4] , steps [5] - [9] and on islands [10] .
The indirect atomic interactions were first realized 50 years ago by Koutecky [11] and investigated theoretically by Grimley [12] , Einstein and Schrieffer [13] and Lau and Kohn [14] . The first experimental evidence of the long-range oscillatory interaction (LRI) between adatoms was reported by Tsong [15] . Only recently, low-temperature STM studies have resolved longrange adsorbate interactions mediated by surface states at large interatomic separations [16, 17] . It has been shown that such interactions depend on the type of the adsorbate and the substrate. On surfaces supporting the surface-state electrons the LRI decays as 1/r 2 , where r is the interatomic distance, and oscillates with a period of λ F /2 (λ F is a surface state Fermi wavelength) [1] . For large adsorbate-adsorbate separations Hyldgaard and Persson [18] have found that the LRI can be described as the following:
Here, k F is the Fermi surface wavevector, E 0 is the surface state band edge relative to the Fermi energy, δ 0 is the phase shift and A 0 is the scattering amplitude 3 . The equation (1) has been obtained through an asymptotic evaluation of the one-electron contributions to the interaction energy. Our ab initio calculations [19] have shown that in the case of Cu(111), the asymptotic equation (1) is accurate even down to a distance of λ F /2 ≈ 15 Å. The LRI between Co adatoms on Cu(111) determined experimentally and calculated by means of the Korringa-Kohn-Rostoker (KKR) Greens function method [19] is shown in figure 1 . One can see that the agreement between the calculation and the experiment is very good.
The LRI can significantly affect the growth morphology at low temperatures [19] - [21] . Knorr et al [17] have proposed to exploit the surface-state mediated interactions between adatoms for the self-organization of long period ordered nanostructures. Recently, Silly et al [22, 23] have created a large ordered superlattice of Ce adatoms on Ag(111) exploiting the LRI. The kinetic Monte Carlo (kMC) simulations of Negulyaev et al [24, 25] have given clear evidence that the surface-state mediated long-range interaction between Ce adatoms on Ag(111) can lead to their self-assembly into linear chains and superlattices. The interatomic separation 3 The variation in the LDOS ( LDOS) at the Fermi level originating from the interference of incident and scattered surface-state electrons at adatom sites is given by the formula:
where δ 0 is the scattering phase shift, k F = 2m e E 0 /h 2 is the Fermi surface wavevector, E 0 is the surface-state band edge, m e is the effective electron mass and r is the distance from the position of the center of an adatom [6] . Experimental (blue) and theoretically calculated (red) interaction energies between two Co adatoms on Cu(111) [19] .
in such structures has been found to correspond to the first minimum of the LRI potential. For example, on Cu(111) and Ag(111) this minimum is found to be at about 12 and 30 Å, respectively [1, 24, 25] . Adatom bonding in such nanostructures is determined by a long-range interaction between adatoms. In figure 2, we present results of the kMC for Ce superlattice on Ag(111) [24, 25] .
Similar studies of Rogowska and Maciejewski [26] have shown that the surface-state mediated interactions between Cu adatoms lead to the formation of dilute nanostructures with an average nearest-neighbor distance a few times longer than an equilibrium adatom-adatom distance.
Surface-state electrons can also play an important role in magnetic interactions on metal surfaces. For example, it has been shown that the exchange interaction between magnetic adatoms at large distances is mediated by surface-state electrons [27] .
Particularly, fascinating phenomena occur if the surface electrons are confined to closed structures such as quantum corrals, adislands or vacancy islands. The first observation of standing-wave patterns in the Fe corral on Cu(111) was reported by Crommie et al more than a decade ago [3] . Quantum confinement of surface electrons has been found on nanoislands [10] and in vacancy islands [28] . As an example we show in figure 3 the standing-wave patterns inside the Co corral on Cu(111) obtained by means of the KKR Green's function method [29] .
Recent ab initio calculations and experiments have revealed the spin-dependent quantum confinement of surface electrons on Co nanoislands on Cu(111) [31, 32] . Quantum confinement of surface states on magnetic nanoislands has been shown to lead to the spin-selective quantum interference. The spin-polarization (SP) can be locally and energetically modulated by engineering the shape and the size of the surface-deposited nanostructure. As an example, we present in figure 4 the SP of surface-state electrons on a triangular Co island on Cu(111). A strongly inhomogeneous distribution of the SP on the island is clearly seen. We have shown [29] . The LDOS at the Fermi energy is shown. Geometrical parameters of the corral are the same as in the experimental setup of [30] , i.e. semi-axis a = 71.3 Å and eccentricity ε = 0.5. that a spatial variation of SP is exclusively caused by the quantum interference of the majority surface-state electrons. Our theoretical prediction has been confirmed by the experiment of Pietzsch et al [34] .
Exploiting the quantum scattering of surface electrons in engineered nanostructures Manoharan et al [30] have discovered a novel method to transport information on the atomic scale. They have shown that the electronic structure of adatoms can be projected to a remote location using the quantum confinement of electronic states in corrals. Placing an atom of magnetic cobalt at one focus of the elliptical corral (constructed from several dozen cobalt atoms on Cu(111)) caused the Kondo effect to appear at the empty focus. In other words, they projected information about one atom to another spot where there was no atom. This fundamentally new way of guiding information on surfaces was called a mirage or phantom effect. Our ab initio studies have revealed that the SP of the cobalt adatom is projected to an empty focus (figure 5) [35] .
Very recently, a novel phenomenon of the atomic self-organization caused by the quantum confinement has been predicted. Ab initio calculations and the kMC simulations have shown Temperature of the system is 4 K, Ce adatom coverage is 0.01 ML, Ce adatoms were deposited simultaneously [29] .
that electronic states in quantum corrals can significantly modify the diffusion of adatoms at low temperatures and can lead to the self-organization of adatoms [29] . Self-organization of Ce adatoms inside the Ce corral into different concentric circular orbits, forming a structure which we call a 'quantum onion' is presented in figure 6 .
In this paper, performing ab initio calculations, we demonstrate the effect of the quantum confinement of surface electrons on the long-range interaction between magnetic adatoms and their exchange coupling. The self-organization of adatoms due to quantum confinement is discussed.
Ab initio approach
We consider quantum corrals, vacancy islands and adislands on the same footing using the KKR Green's function method [28, 29, 33, 35, 36] . The basic idea of the KKR Green's function method is a hierarchical scheme for the construction of the Green's function of nanostructures on a metal surface by means of successive applications of Dyson's equation. We treat the surface as the 2D perturbation of the bulk. For the calculation of the ideal surface the nuclear charges of several monolayers are removed, thus creating two half crystals being practically uncoupled. Taking into account the 2D periodicity of the ideal surface, we find the structural Green's function by solving a Dyson equation self-consistently: Here,G is the structural Green's function of the bulk in a k -layer representation ( j, j -layer indices). The k wavevector belongs to the 2D Brillouin zone, t j L (E) is the perturbation of the t matrix to angular momentum L = (l, m) in the jth layer. The consideration of corrals, vacancy islands or adislands on the surface destroys the translation symmetry. Therefore, the Green's function of such systems (quantum resonators) is calculated in a real space formulation. The structural Green's function of the ideal surface in real space representation is then used as the reference Green's function for the calculation of the quantum resonators from an algebraic Dyson equation:
where G nn L L (E) is the energy-dependent structural Green's function matrix andG nn L L (E) the corresponding matrix for the ideal surface, serving as a reference system, t n L (E) describes the difference in the scattering properties at site n induced by the existence of the adsorbate atom. Multiple scattering of surface-state electrons inside the resonators (including the interaction with bulk states) is taken into account in our approach. Our studies have proved that only a limited number of atoms near the resonator walls contribute to t n L (E) in equation (3) . Therefore, even very large resonators can be calculated fully ab initio using our approach [28, 33, 35] .
Results and discussion

Adatom-adatom interactions
The behavior of surface-state electrons in quantum resonators is determined by the quantum interference between the electron waves traveling towards edges of the resonator and the backscattered waves. In figure 7 , we demonstrate the energy-resolved LDOS in the Cu corral. The LDOS is presented at the corral's focus. One can see that the corral significantly influences the LDOS. Resonant peaks of the LDOS indicate the quantum confinement. These results suggest that quantum corrals can be used to locally modify the density of electrons on a surface and can affect the energy of atoms placed inside the corral. On an open surface adatoms interact through the fact that the adsorbtion energy of one adatom depends on the electron density which oscillatesaroundtheother(thedecaylawis1/r(seefootnote3)).Note,onanopensurface adatomsareplacedina2Delectrongaswithconstantdensityofsurfaceelectrons(forexample, on Cu(111) the surface state has an occupancy of about 1/25 of an electron per surface unit cell). However, if surface electrons are confined, the density of electronic states exhibits a strongly inhomogeneous spatial distribution, as shown in figure 3 . Therefore, the surface-state mediated long-range interaction between adatoms can be affected by confined surface electrons. We have performed ab initio calculations for the interaction between two Cr adatoms and two Co adatoms on an open Cu(111) surface and inside Cu corrals on Cu(111). Results presented in figure 8 show that the quantum confinement of surface electrons significantly affects the interaction between adatoms. The surface-state mediated interaction between adatoms in corrals at large distances can be strongly enhanced compared to that on an open surface. The driving force behind this effect is related to the quantum confinement of surface electrons. Note, the long-range interaction between Co adatoms is stronger than between Cr adatoms. Such difference could be explained by the fact that the wave functions of Cr are more extended and therefore, the scattering of surface electrons into the bulk at the Cr adatom is stronger than for the Co adatoms. The geometry of the resonator affects only the interaction strength, while leaving the modulation period essentially unchanged, since the Fermi wavevector does not depend on the geometry.
The interaction between adatoms can be tailored by designing quantum resonators of different shapes. For example, we create an 'open resonator' consisting of two semielliptical arrangements of Cu atoms (figure 8). Results shown in figure 8 clearly demonstrate that the quantum interference of surface electrons between these two 'mirrors' modifies the interaction between adatoms. Such quantum resonators can be also used to affect the indirect exchange interaction between adatoms. Figure 9 depicts the exchange interaction between Cr adatoms placed between 'mirrors' in comparison to that on an open Cu(111) surface. These results demonstrate that the quantum confinement can enhance the exchange interaction between magnetic adatoms at large separations. Recalling our recent results on the exchange interaction between adatoms in corrals of different eccentricities [35] , one can conclude that it could be possible to modulate the magnetic interactions between adatoms at large distances by engineering the shape and the size of the quantum resonators.
The adatom self-organization
We investigate the self-assembly of adatoms on noble (111) metal surfaces in the presence of several quantum resonators. Randomly distributed circled quantum corrals have been used to model a surface with resonators. Such a situation corresponds, for example, to the system of vacancy islands or nanoislands on a surface. The walls of each corral are made of dimers. It is well known that the dimer has larger diffusion barrier than the monomer, that provides the temperature stability of the resonators. As a result, atomic self-assembly takes place, while the walls of the corral are immobile. Two particular systems are considered within our study: self-assembly of (i) Co adatoms at the presence of Co corrals on a Cu(111) surface and (ii) Ce adatoms at the presence of Ce corrals on a Ag(111) surface.
One may expect that adatoms on a surface interact not only electronically but also elastically [37] . However, our previous calculations [38] indicate that the elastic interactions are considerably weaker than electronic ones at interatomic separations >7 Å. Therefore, one can neglect the influence of elastic effects on an atomic self-assembly in the studied systems.
For our investigations we use the rejection-free kMC method of Fichthorn and Weinberg [39] . The (111) surface is represented as a triangular lattice of fcc and hcp hollow sites with the separation r 0 / √ 3 between the nearest sites. The nearest neighbor (NN) distance for the Cu(111) surface r 0 is 2.56 Å and for the Ag(111) surface r 0 is 2.89 Å. The hop rate of an adatom from site k to site j on the (111) surface is calculated using the expression v k→ j = v 0 exp(−E k→ j /k B T ), where T is the temperature of the substrate, v 0 is the attempt frequency and k B is the Boltzmann factor. We set v 0 to 10 12 s −1 . The influence of the LRI on adatom diffusion is included in the hopping barrier [20, 40, 41] which takes the form:
Here, E D is the diffusion barrier for an isolated atom on a clean surface, E k( j) is the sum of the pair interactions of the hopping adatom with all other adatoms in the system (including the atoms of the corral walls), if the adatom is at site k( j). According to the exploited algorithm three short jumps to the different neighboring positions can occur for each adatom on the (111) surface. If the number of adatoms in the system is equal to N , then 3N different hops with the rates v 1 , v 2 , . . . , v 3N are possible on every step of the kMC algorithm. The time interval between two steps can be calculated:
where U is a randomly distributed number in the interval (0, 1). The magnitude of the diffusion barrier E D for a single Co adatom on a Cu(111) surface equals to 37 meV [19] . The magnitude of E D for a single Ce adatom diffusion on the Ag(111) is considered to be 9 meV according the experimental studies of the group of Schneider [22, 23] . In the framework of our kMC studies the interaction energy between Co adatoms on Cu(111) is determined by means of the KKR Green's function method (cf figure 1) . The interaction between two Ce adatoms on Ag(111) surface is calculated using the model of Hyldgaard and Persson (equation (1)) where the parameters are taken from the experimental studies of Silly et al [22, 23] . We perform our simulations with the following values of the parameters: A 0 = 0.30, δ 0 = 0.42π . Periodic boundary conditions on the surface are applied in our calculations. Adatoms are deposited on the (111) surface randomly and simultaneously. For the analysis of our results we exploit the radial distribution function (RDF) f (r ):
where S is a square of the considered simulation cell, ρ(r ) and ρ 0 are local and equilibrium densities of deposited adatoms correspondingly. Usually this function is used for homogeneous and isotropic systems to characterize the structural correlations. Function f (r ) gives the probability to find an adatom at a distance r from an adatom placed at the origin of the coordinate system. Within our analysis the origin of the coordinate system is considered to coincide with the geometrical centers of the corrals. Peaks (maxima) in the RDF correspond to the positions (orbits) with high occupation probability, while minima correspond to the orbits with low occupation probability.
To create a macroscopic-ordered pattern of atoms exploiting the LRI one has to deposit adatoms with an optimal coverage ρ 0 . The distance between nearest atoms in the pattern should correspond to the position of the local minimum b in LRI potential (cf figure 1) . Therefore, one can estimate the magnitude of ρ 0 from the ratio ρ 0 = (r 0 /b) 2 ML. For Co atoms on the Cu(111) surface b = 1.1 nm, hence the optimal coverage ρ 0 equals to 0.06 ML. For Ce atoms on the Ag(111) surface b is about 3.0 nm, therefore ρ 0 = 0.01 ML.
First, we discuss the results concerning the self-assembly of Co adatoms on the Cu(111) surface. The size of the simulation cell is 400 × 400 Å. The temperature of the system is 13 K, the coverage ρ 0 is about 0.06 ML. Five Co corrals are considered (the radii of each corral is 42 Å). The self-assembly of Co adatoms is well seen: adatoms tend to occupy positions only near the allowed orbits inside and outside the corral. Formation of four pronounced orbits inside each corral is well seen in figure 10 . The distance between the nearest Co adatoms located on the same orbit is about 12 Å, corresponding to the position of the first local minimum in the LRI between two Co adatoms on the Cu(111) (cf figure 1). Dimer and trimer formation which occurs due to deposition processes and weak LRI prevent the formation of the nanostructure with the ideal circle orbits. Figure 11 demonstrates the RDF for the system of Co adatoms selfassembled on the Cu(111) in the presence of Co corrals (figure 10). The blue vertical line marks the border of the resonator (the position of the corral walls). The RDF has four pronounced peaks at r < 42 Å, which correspond to the orbits shown in figure 10 . The first peak at r = 4 Å corresponds to the first orbit inside the resonator. The first minimum at r = 8 Å is related to the area between the first and the second orbits: the probability of finding a Co adatom in this region is low. The next peaks in the RDF (the second at 13 Å, the third at 23 Å and the fourth at 32 Å) correspond to the orbits with larger diameters. The amplitude of the peaks increases as we approach the corral walls. When r is close to 42 Å (the position of the corral walls) two small peaks can be resolved. These peaks correspond to Co adatoms attached to the resonator walls from the inner and outer sides during the deposition process. There are also oscillations in the RDF outside corrals. Amplitudes of the corresponding peaks outside the corral are smaller than inside. This indicates that the effect of the confinement inside the corral is more pronounced than outside.
Now we turn to the results concerning the self-assembly of Ce adatoms on a Ag(111) surface at the presence of Ce resonators. The size of the simulation cell is 1000 × 1000 Å. The temperature of the system is 4 K, the coverage ρ 0 is about 0.01 ML. Five Ce corrals are randomly distributed on Ag(111) (the radii of each corral equals 100 Å). The self-assembly of Ce adatoms is well seen in figure 12 : adatoms tend to occupy positions only near the circled orbits inside and outside the corral. The existence of four orbits inside each corral is clearly seen. The distance between the nearest Ce adatoms is about 30 Å, which corresponds to the position of the first local minimum in the LRI between two Ce adatoms on Ag(111) [22] - [25] . The probability of the formation of Ce dimers during the deposition process is very small, because the coverage of deposited atoms is six times smaller than for Co on Cu(111). As a 14 result, Ce adatoms form a well ordered superstructure inside resonators. The RDF shown in figure 13 proves our findings. The blue vertical line marks the border of the resonators (corral walls). The RDF has four pronounced peaks inside the corral (r < 100 Å), which correspond to four different atomic orbits.
It is interesting to note that the difference between the self-organization of Co adatoms on Cu(111) and Ce adatoms on Ag(111) is determined by the formation of dimers during deposition. The concentration of dimers at the optimal coverage ρ 0 depends on the relative position of the first maximum a in the LRI potential and the first minimum b (cf figure 1) , i.e. γ = a/b. A lower value of γ corresponds to a lower concentration of dimers. For Co atoms on the Cu(111) surface the magnitude of γ equals 0.45, and a significant number of immobile dimers preventing the self-assembly of randomly distributed atoms is formed. For Ce atoms on the Ag(111) surface the magnitude of γ is rather small (0.16), and only a few dimers are formed. As a result, the Ce atomic pattern exhibits a well-ordered structure.
Conclusion
Our findings have shown that the confinement of surface-state electrons in quantum resonators can affect the long-range interaction between adatoms. We have revealed that the quantum interference of surface-electrons inside corrals and between two 'quantum mirrors' modifies the interaction between magnetic adatoms and their magnetic coupling. It is possible to enhance the exchange interaction at large adatom-adatom separations exploiting the confinement of surface-electrons in artificial atomic nanostructures. Our work predicts that new magnetic nanostructures can be engineered at low temperatures exploiting the quantum confinement of surface electrons and surface-state mediated interactions.
